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(57) ABSTRACT 

The invention concerns a method for obtaining ?bres and 
strips from colloidal particles, characterised in that it con 
sists in: 1) dispersing said particles in a solvent optionally 
using a surfactant; 2) injecting the resulting dispersion 
solution through at least an ori?ce ernerging into a How of 
an external solution, preferably, having a higher viscosity 
than said dispersion, the viscosity levels being measured in 
the same temperature and pressure conditions, so as to cause 
said particles to agglornerate into ?bres or strips by desta 
bilising the particle dispersions and optionally aligning said 
particles. 
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METHOD FOR OBTAINING MACROSCOPIC 
FIBRES AND STRIPS FROM COLLOIDAL 

PARTICLES AND IN PARTICULAR CARBON 
NANOTUDES 

[0001] The present invention relates to a method of obtain 
ing macroscopic ?bres and strips from colloidal particles. It 
relates more particularly to a spinning method alloWing 
?bres of carbon nanotubes to be obtained. 

[0002] According to another aspect of the invention, it 
relates to macroscopic ?bres and strips produced from 
colloidal particles that may be anisotropic. 

[0003] OWing to their eXcellent physical properties, car 
bon nanotubes ?nd applications in numerous ?elds, in 
particular in electronics (depending on their temperature and 
their structure, they can be conductors, semiconductors or 
insulators), in mechanical engineering, for eXample for the 
reinforcement of composites (the nanotubes are a hundred 
times stronger and siX times lighter than steel) and electrical 
engineering (they can be made to eXpand or contract by 
applying a charge). 

[0004] Unfortunately, at present the main draWback to 
their industrial application arises from the absence of pro 
duction in macroscopic form With controlled structure. 

[0005] Production of these nanotubes as macroscopic 
?bres or strips Would greatly facilitate their handling (trans 
port, storage etc.) and Would make the nanotubes more 
useful for the above applications. 

[0006] Thus, the carbon ?bres used in particular in the 
composites industry are obtained in a conventional manner 
by processes of spinning a viscoelastic miXture. They are 
produced for eXample by draWing out a viscoelastic polymer 
or by direct draWingout of carbon pitch neated to make it 
viscoelastic, folloWed by carboniZation by heating. This 
technique, Which is very general, can also be applied to 
plastics, to glass or to metals. 

[0007] On the other hand, this high-temperature process 
cannot be applied to solutions containing colloidal particles 
because there is a risk of causing decomposition of the 
solvents. Nor can it be applied to carbon nanotubes, since 
heating of the latter causes their degradation before a vis 
coelastic state is attained. 

[0008] The present invention therefore aims to overcome 
these draWbacks by proposing a method of obtaining mac 
roscopic ?bres and strips from colloidal particles, in par 
ticular carbon nanotubes, dispersed in a solution. It also 
relates to ?bres and strips thus obtained. 

[0009] For this purpose, the method of obtaining ?bres 
and strips from colloidal particles according to the invention 
is characteriZed in that: 

[0010] 1) the said particles are dispersed in a solvent, 
optionally With the aid of a surfactant, 

[0011] 2) the dispersing solution is injected through 
at least one ori?ce opening into a stream of an 
external solution, preferably of viscosity greater than 
that of the said dispersion, the viscosities being 
measured in the same conditions of temperature and 
pressure, so as to cause aggregation of the said 
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particles as ?bres or strips by destabiliZing the dis 
persions of particles and possibly aligning the said 
particles. 

[0012] Other characteristics and advantages of the present 
invention Will become clear from the description that fol 
loWs, referring to the appended draWings that illustrate one 
eXample of application, Without being in any Way limiting. 
In these draWings: 

[0013] FIG. 1 is a perspective side vieW of a schematic 
eXample of an experimental device for applying the second 
stage of the method according to the invention; 

[0014] FIG. 2 is a series of photographs shoWing the 
formation of a knot from a ?bre of entangled nanotubes 
obtained by the method according to the invention; 

[0015] FIGS. 3a, 3b and 3c shoW photographs of a strip of 
carbon nanotubes obtained by the method according to the 
invention and observed betWeen a crossed polariZer and 
analyser by optical microscopy. 
[0016] According to a preferred embodiment of the inven 
tion, the method of obtaining macroscopic ?bres and strips 
from colloidal particles comprises at least tWo stages. 

[0017] A ?rst stage consists of dispersing the colloidal 
particles, and in particular the nanotubes, in an aqueous or 
organic solution. To achieve this, particles of a hydrophobic 
nature are dispersed in a solvent such as Water or an alcohol 

such as ethanol, optionally With the aid of a surfactant that 
is used conventionally for dispersing hydrophobic particles 
in such a solvent. When surfactant is used, coating the 
particles, their ?occulation can be prevented and their dis 
persion is therefore stable. In the case When the solvent used 
is Water, the said dispersion can be obtained With various 
anionic, cationic or neutral, molecular or polymeric surfac 
tants, for eXample sodium dodecyl sulphate (SDS), alkaryl 
esters or tetradecyltrimethylammonium bromide. Depend 
ing on the characteristics of the agents used, their concen 
tration varies from a feW thousands of % to several %. 

[0018] The initial dispersions of colloidal particles, for 
eXample of nanotubes, must be as homogeneous as possible. 
Homogeneity can be tested in a simple, routine manner by 
optical microscopy, it being easy for the presence of inho 
mogeneities resulting from the presence of aggregates of 
particles to be detected optically. 

[0019] The strips or ?bres formed With more dilute dis 
persions of colloidal particles are very fragile and dif?cult to 
handle for conversion to threads. It is also dif?cult to make 
strips and ?bres With more concentrated suspensions 
because it is dif?cult to obtain homogeneous concentrated 
dispersions. HoWever, it is alWays preferable to use suspen 
sions that are as concentrated as possible, While endeavour 
ing to keep the suspensions homogeneous. 

[0020] With raW nanotubes synthesiZed by an electric arc, 
it is advantageous to use for eXample the folloWing concen 
trations by Weight for making the initial dispersions: 

[0021] solvent:Water 
[0022] betWeen 0.3 and 0.5% of nanotubes 

[0023] betWeen 1 and 1.5% of SDS dispersant. 
[0024] With nanotubes made by the HiPco method, Which 
are easier to use than the nanotubes synthesiZed by electric 
arc, loWer concentrations can be employed, for eXample 
doWn to 0.1 Wt. %. 
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[0025] In general, the dispersions Will preferably be for 
mulated using an ultrasonic homogeniZer. It is much faster 
and more efficient to use a homogeniZer With a probe 
immersed directly in the dispersion rather than use an 
ultrasonic bath. The poWer of ultrasonic baths is usually too 
loW to produce homogeneous and relatively concentrated 
dispersions of particles. 
[0026] The second stage of the method according to the 
invention consists of injecting the aqueous or organic dis 
persions of particles obtained after the ?rst stage through at 
least one ori?ce opening into the laminar How of an external 
solution Whose viscosity should preferably be greater than 
that of the said dispersions, the viscosities being measured 
in the same conditions of temperature and pressure, in order 
to cause, because of the shearing forces, alignment of the 
colloidal particles in the direction imposed initially by the 
How of the said external solution. To achieve this result, it 
is possible to use, as viscosity modi?er of the external 
solution, a polymer Which may for example be a polyol or 
a polyalcohol (polyvinyl alcohol, alginate or cellulose, for 
example) or a mineral (clay, for example). 

[0027] Furthermore, the said external solution should pref 
erably contain chemical agents Which can induce the coagu 
lation (or ?occulation) of the dispersed particles, in particu 
lar polymers that are capable of producing bridging effects. 

[0028] Thus, When the aqueous or organic dispersions of 
particles containing the surfactant are injected through the 
said ori?ce into the external solution, adsorbed molecules of 
the said surfactant can be displaced by the viscosity modi?er 
or a ?occulating agent of the external solution; then the 
particles are no longer stabiliZed and so they form aggre 
gations at the outlet of the ori?ce to form strips or ?bres 
Whose cross-section is a function of the cross-section of the 
said ori?ce used. More simply, aggregation of the particles 
can also be induced by desorption of the surfactant. In 
addition, even if the surfactants remain adsorbed, the said 
particles may aggregate in the presence of a ?occulating 
agent. 
[0029] Several ?occulating agents can be used: polyvinyl 
alcohol, chitosan, Weakly charged polyelectrolytes, for 
example a copolymer of acrylamide and acrylic acid (Which 
also perform the role of viscosity modi?er), salts (Na+Cl-, 
K+Cl—) or a surfactant that is neutral or of opposite charge 
to that of the agent used for dispersing the particles in the 
?rst stage of the method, if the latter is ionic. 

[0030] Generally a PVA of high molecular Weight is used 
(of the order of 100000 g/mol or more) to give better 
cohesion to the strip or to the ?bre. Advantageously, a 
Water-soluble PVA is used, of molecular Weight above 
10000 and in particular betWeen 10 000 and 200 000. This 
increase in ef?cacy With the siZe of the polymer seems to 
arise from the fact that aggregation of the particles is due to 
a “so-called” bridging effect of the particles by the PVA. 

[0031] PVAs of loW molecular Weight (of the order of 
10000-15000 g/mol) dissolve faster and can be used at a 
higher concentration as they cause less increase in viscosity 
of the solutions. 

[0032] They have the advantage of being rapidly adsorbed 
and of being more easily desorbed than the polymers of high 
molecular Weight. HoWever, the strips and ?bres are a little 
more fragile, Which Would be explained by less effective 
bridge formation. 
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[0033] Filtering of the PVA solutions may prove necessary 
if they are not homogeneous. 

[0034] According to an advantageous characteristic of the 
invention, the ?bres or strips obtained can be Washed using 
a rinsing product at the end of this second stage so that the 
external solution and the dispersants are desorbed com 
pletely. In particular, this stage can consist of successive 
rinsings With pure Water. 

[0035] In addition, the density of the ?bres and strips can 
be controlled by the concentration of the initial dispersion of 
the particles. For example, in the case of carbon nanotubes, 
the said mass fractions are typically less than a feW %. 

[0036] According to another advantageous characteristic 
of the invention, the method comprises a last stage that 
consists of densifying the macroscopic ?bres and strips. 

[0037] The implementation of this last stage therefore 
consists of sloWly draWing the ?bres or strips out of the 
rinsing product (in particular Water). Thus, a capillary con 
traction occurs When the said ?bres or strips are out of the 
solvent, and this contraction leads to a ?rst densi?cation 
Which is then increased by evaporation of the solvent. 

[0038] We shall noW describe the various parameters 
employed in the course of the method according to the 
invention. 

[0039] The ?rst stage consists essentially of intimate mix 
ing of the colloidal particles and a solvent (aqueous or 
organic) to obtain a solution possessing the properties of a 
dispersion. 

[0040] To comply With the various constraints of the 
second stage of the method, several types of device may be 
suitable: 

[0041] 
mode, 

either an installation that operates in batch 

[0042] or, on the other hand, an installation that 
operates continuously. 

[0043] Thus, according to a ?rst family of installations, it 
is a reactor or a vessel for containing the external solution, 
Which is set in motion, in particular in rotation, by a motor 
(rotating plate, for example). The said vessel can also be 
equipped With a double jacket alloWing circulation of a 
heat-transfer ?uid, so as to change the temperature of the 
external solution and therefore its physicochemical param 
eters (viscosity, etc.). 

[0044] By controlling the rotary speed of the motor, the 
medium is imparted optimum hydraulic conditions in par 
ticular in terms of velocity and How rate, ensuring entrain 
ment of the aqueous or organic dispersion that is discharged 
through the multiplicity of ori?ces located in the circulating 
streams of the external solution. 

[0045] The ori?ces, Whose cross-section can be of various 
pro?les (rectangular, cylindrical, square, conical, etc.), are 
connected by pipelines to another tank containing the aque 
ous or organic dispersion. Moreover, metering pumps and/or 
centrifuges are to be ?tted in the feed circuit betWeen the 
buffer tank containing the said dispersion and the separation 
tank in the external solution, so as to impart to the dispersion 
(aqueous or organic), depending on the operating parameters 
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of the pumps (rotary speed, delivery pressure, How rate etc.), 
optimum hydraulic conditions. 

[0046] In an installation Which is operating continuously, 
the characteristics of the circuit for feeding the dispersion 
are identical to those of an installation operating in batch 
mode. This installation, of knoWn type, can have the char 
acteristics of that employed in the textile industry or for the 
spinning of polymers. 

[0047] On the other hand, the vessel containing the exter 
nal solution is provided With inlet and outlet ori?ces through 
Which the external solution is introduced then discharged, 
this being conducted in de?ned conditions of circulation and 
therefore of entrainment With respect to the dispersion, 
optionally by means of a pressuriZing circuit (pump, buffer 
tank etc.) and by means of a return circuit optionally 
including pumps or circulating means. 

[0048] Of course, all of these installations, Whether oper 
ating in batch mode or continuously, can be controlled by an 
automatic system or a computeriZed process operating unit 
so that the user can be provided With information relating to 
the separation process, in order to obtain the optimum 
operating conditions. 

[0049] Accordingly, and more generally, the higher the 
viscosity of the external solution relative to that of the 
aqueous or organic dispersion (under the same conditions of 
temperature and pressure), the smaller the siZe of the cali 
brated ori?ce and the higher the How rate of the said external 
solution, the greater the shearing forces caused and the nore 
pronounced the alignment of the particles is. For example, a 
?ne ori?ce With a viscous external solution ?oWing at high 
velocity produces anisotropic structures. Conversely, an 
ori?ce of large cross-section With an external solution of loW 
viscosity ?oWing sloWly produces ?bres and strips Where 
there is little or no alignment of the particles. 

[0050] During this stage it is advisable to keep Within 
laminar ?oW conditions. FloWs Which are excessively fast 
and turbulent do not alloW long and uniform ?bres or strips 
to be obtained. 

[0051] Aqueous solutions of polyvinyl alcohol (PVA) are 
very effective for destabiliZing suspensions of particles and 
causing their aggregation. Furthermore, PVA is a polymer 
that increases the solution viscosity considerably, thus facili 
tating laminar ?oW. 

[0052] The most readily available tubes for injection of the 
dispersion of particles are cylinders or needles. It is possible 
to use tubes With diameter betWeen 0.5 and 1.0 mm. Tubes 
With thin Walls are preferably chosen so as not to cause 
turbulence When the PVA solution and the dispersion of 
particles meet one another. 

[0053] Preferably, in the case of nanotubes synthesiZed by 
electric arc, the dispersions of Which are injected through a 
cylindrical tube of 0.7 mm diameter, the injection rate used 
Will be betWeen 0.8 and 2.5 cm3/minute and the How rate of 
the PVA solution at nanotube injection Will be betWeen 5 and 
30 m/min. 

[0054] AloW injection rate and a high ?oW rate of the PVA 
solution lead to strong shearing forces that stretch the strip 
or ?bre. Consequently, the strip or ?bre is thinner and the 
alignment of the nanotubes is more pronounced. If the 
shearing forces are too great, hoWever, this has the draWback 
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of making the strips or ?bres more fragile, because they are 
thinner. Moreover, it is important not to use ?oWs that are 
too fast, to avoid conditions of turbulence. 

[0055] A high injection rate and a loW ?oW rate lead to 
strips or ?bres that are thicker and therefore more solid. 
These conditions therefore facilitate the production of ?bres. 
HoWever, these conditions do not promote alignment of the 
nanotubes in the strip or ?bre. 

[0056] Higher velocities can be used for the HiPco nano 
tubes, While maintaining good mechanical properties of the 
strips or ?bres. 

[0057] Finally, the method according to the invention can 
be applied to colloidal particles in general, and more par 
ticularly to anisotropic particles (for example, nanotubes of 
carbon, tungsten sulphide, boron nitride, clay ?akes, cellu 
lose Whiskers, silicon carbide Whiskers, etc.). 

[0058] With regard to the stage of densi?cation of the 
strips or ?bres, When the strip or the ?bre is WithdraWn 
vertically from the Water, it Will have a tendency to dry faster 
if it is draWn quite rapidly. This makes it possible for the 
Water contained in the strip or ?bre to be carried higher. 
Consequently, subsequent drainage and drying are fastest. 

[0059] On the other hand, WithdraWal must be sloW 
enough to avoid submitting the strip or ?bre to high tensile 
forces that might break it. 

[0060] Maximum WithdraWal speeds vary considerably 
depending on the siZe and quality of the strips or ?bres and 
the nature of the particles. If time is not a constraint, it is 
preferable in that case to effect WithdraWal sloWly so as not 
to risk breaking the strip or ?bre. The small tensile forces 
that result from this are not optimum for encouraging 
particle alignment, but other operations are possible for 
encouraging such alignment in strips and ?bres. It is also 
possible to transfer the rinsed strips or ?bres to solvents that 
are more volatile than Water (alcohol or acetone for 
example) to obtain faster drying during WithdraWal. 

[0061] Operations of rinsing and Washing With pure Water 
do not alloW desorption of the largest molecules of ?occu 
lent, for example PVA, Within a reasonable time (a feW 
days). Consequently, residues of ?occulant are left behind in 
the ?nal strips or ?bres. This has an important consequence 
for the strips or ?bres that are formed. Partial sWelling of the 
strips or ?bres occurs When they are put in Water again. Their 
length increases spontaneously by several % and their 
diameter can double. 

[0062] The effects for example of PVA (or of other ?oc 
culants) can be avoided by annealing at high temperature 
(above 400° C.) Which causes the PVA to decompose. 

[0063] It is also possible to anneal the strip or ?bre at a 
moderate temperature so as to melt the viscosity modi?er, 
for example PVA, Without causing it to decompose (tem 
perature beloW 300° C.). DraWing of the ?bre in these 
conditions also improves the alignment of the particles. 

[0064] Advantageously, this annealing can be accompa 
nied by further addition of polymer and/or of plasticiZer. 
This addition at high temperature also makes it possible to 
obtain a coated ?bre or strip. 

[0065] More generally, the structure and the properties of 
the strips or ?bres can be modi?ed by mechanical action (in 
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particular tension and/or torsion) exerted on them. These 
operations are preferably carried out on objects that are less 
brittle than the ?bre directly obtained after rinsing and 
drying. These operations can easily be carried out on the 
initial strip or ?bre, in the presence of elastomer or of 
polymer melted at high temperature or during annealing. 

[0066] In addition, the operation of condensation and 
drying of the strip or ?bre makes it possible to separate the 
colloidal particles and impurities present. Impurities such as 
amorphous carbon or graphite tend to form an outer enve 
lope around a cylinder constituted primarily of nanotubes for 
example. 

[0067] This phenomenon can be used for making novel 
materials. Particles of micrometre or nanometre siZe can be 
added deliberately to the external solution containing the 
strip or the ?bre. These particles are then entrained during 
draWing out of the strip or ?bre to form the ?nal strip or 
?bre. With the particles behaving like carbon-containing 
impurities, they form an outer envelope around the strip or 
?bre of colloidal particles. Such an effect can be used for 
example for making thin envelopes of isolating polymer 
around strips or ?bres of colloidal particles, for example 
using latex particles. 

[0068] Envelopes of various kinds can be obtained With 
other types of particles on any type of strips or ?bres 
according to the invention. 

[0069] Separation betWeen particle and strip or ?bre seems 
to arise from lateral drainage of the solvent during With 
draWal and draWing out of the strip or ?bre. When the strip 
or ?bre is WithdraWn from the solvent, drainage entrains the 
particles onto their periphery. By concentrating at the 
periphery, the particles form an outer envelope around the 
core of the strip or ?bre. This phenomenon is observed in 
any system that contains a strip or a ?bre formed from 
particles or from polymers in the presence of other particles, 
possibly of various forms, With little or no bonding to the 
particles or polymers Which form the ?bre. Absence or 
Weakness of the bonds betWeen the particles and the strip or 
?bre Will enable drainage to separate the various constitu 
ents and end up With a strip or ?bre formed from a core and 
an envelope of dissimilar natures. 

[0070] Fibres or strips are then obtained comprising an 
envelope, formed by the peripheral drying, of particles of 
micrometre or nanometre siZe around the said ?bres or 
strips. 

[0071] Aschematic example of an experimental device for 
implementing this second stage of the method starting from 
a solution of carbon nanotubes dispersed in Water in the ?rst 
stage Will noW be described. 

[0072] As shoWn in FIG. 1, this comprises in particular a 
syringe 1 or equivalent, in Which is placed the aqueous 
solution of nanotubes dispersed in the ?rst stage. A capillary 
2 of very ?at cross-section ?xed to the syringe permits 
discharge of the said solution by pressing on a plunger 3 of 
the said syringe into a cylindrical vessel 4 provided for this 
purpose. The injection rate is betWeen a feW tenths of cm3 
per minute to several cm3 per minute. 

[0073] The cylindrical vessel 4, Which has fairly ?at sides, 
is ?xed on a plate (not shoWn) that is made to rotate, at a 
speed varying from several tens to several hundreds of 
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revolutions per minute. The outlet end of capillary 2 is 
submerged in an external solution 5 (preferably of high 
viscosity) contained in the said vessel. More particularly, the 
said outlet end of the said capillary is positioned tangentially 
to vessel 4, aWay from its axis of rotation. The solution of 
dispersion of nanotubes of loW viscosity is then entrained 
under the effect of the shearing forces at the outlet of the 
capillary by the solution 5, causing alignment of the nano 
tubes in the direction of the velocity of the ?uid. 

[0074] In fact, When the solution of dispersed nanotubes 
containing the surfactant is injected by syringe 1 through 
capillary 2 into the viscous solution 5, the molecules of the 
surfactant are displaced by the viscosity modi?er of solution 
5. Moreover, because the nanotubes are not stabiliZed by the 
?occulant of the external solution 5, they undergo aggrega 
tion on discharge from capillary 2, forming strips or ?bres 6 
depending on the cross-section of the capillary employed. 

[0075] The characteristics of the macroscopic ?bres and 
strips according to the invention, obtained from colloidal 
particles, optionally anisotropic, and more particularly from 
carbon nanotubes Will noW be described. 

[0076] These carbon ?bres and strips are constituted of 
entangled nanotubes. This structure endoWs the said ?bres 
With considerable ?exibility, While maintaining good 
mechanical properties in tension oWing to the arrangement 
of the carbon in the form of graphite cylinders in the 
nanotubes. For example, as shoWn in FIG. 2, the said ?bres 
can be highly curved so as to make knots or to be Woven. 

[0077] Furthermore, these ?bres are extremely ?ne and 
dense. For example, it is possible to obtain ?bres of variable 
length, With diameter ranging for example from 1 to 100 
microns and Whose density can reach about 1.5 g/cm3, a 
density that is close to What is expected theoretically for 
compact stacking of nanotubes (1.3 g/cm3). 

[0078] In addition, the ?bres and strips obtained can have 
an anisotropic structure in Which the nanotubes Would have 
a preferential orientation. This orientation is an important 
parameter for magnifying the electrical and mechanical 
responses of a given material. This structural anisotropy can 
be tested by optical microscopy betWeen crossed polariZers. 
Thus, FIGS. 3a, 3b and 3c clearly shoW that the intensity 
transmitted by the strip depends on its orientation relative to 
the axes of the polariZers. 

[0079] In the photographs in FIGS. 3a to 3c, the axes of 
the polariZer and of the analyser are the vertical and hori 
Zontal axes respectively. For example, in FIG. 3a, the strip 
is parallel to the polariZer and light does not pass through. 
The same applies to FIG. 3c, Where the strip is parallel to the 
analyser. On the other hand, When the strip is inclined by 45° 
relative to the polariZer and the analyser (FIG. 3b), the latter 
alloWs some of the light to pass through. This re?ects the 
preferential alignment of the carbon nanotubes along the 
principal axis of the strip, i.e. in the direction imposed 
initially by the How of the external solution. 

[0080] It is also possible to obtain ?bres or strips in Which 
the nanotubes have little if any alignment, for example along 
the principal axis of the said ?bres or strips. To achieve this, 
the external solution used during the second stage of the 
method according to the invention must be of loW viscosity 
relative to the aqueous dispersion of nanotubes, in the same 
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conditions of temperature and pressure, its ?oW rate must be 
sloW and the extrusion ori?ce must be Wide. 

[0081] With a vieW to obtaining an end product possessing 
improved mechanical and electrical properties relative to the 
prior art, in the dispersion of particles We can either use 
“single-Wall” carbon nanotubes (i.e. composed of a single 
graphite cylinder), or “multiWall” carbon nanotubes (Which 
are composed of several concentric graphite cylinders) can 
be used; the single-Wall nanotubes have better mechanical 
and electrical properties than the multiWall nanotubes, but at 
present they cost more to produce. 

[0082] According to another advantageous characteristic 
of the invention, the carbon nanotubes used in the dispersion 
are modi?ed chemically by grafts of molecular groups, for 
example polyethyl glycol groups or acid groups. These 
grafts can increase the bonding betWeen the ?bres or strips 
obtained (bonds of the van der Waals type, hydrophobic 
bonds or hydrogen bonds), and have the advantage of 
strengthening materials composed of these ?bres or strips. 

[0083] The ?bres or strips according to the invention have 
a porosity that permits the introduction of particles, eg of 
carbon or polymers, into these pores. Introduction of these 
particles also endoWs the ?bre With better cohesion and 
better resistance to mechanical stressing. 

[0084] According to yet another advantageous character 
istic of the invention, the ?bres obtained from carbon 
nanotubes are used for reinforcing materials, in particular 
composites and cables. In fact, the said ?bres have the 
characteristics of conventional carbon (thermal and chemi 
cal resistance, strength of the atomic bonds in the graphite 
layers) but are less fragile in torsion. Thus, production of 
composites that are more ?exible can be envisaged, even 
cables or textiles based solely on carbon nanotubes. 

[0085] According to yet another advantageous character 
istic of the invention, the ?bres and strips obtained from 
carbon nanotubes are used as conductors, semiconductors or 
insulators depending on their temperature and their structure 
in the ?eld of electronics and microelectronics. 

[0086] According to yet another advantageous character 
istic of the invention, the ?bres and strips obtained from 
carbon nanotubes are used as systems for emission of 
electrons by the nanotubes (displays, for example). 

[0087] According to yet another advantageous character 
istic of the invention, the ?bres and strips obtained from 
carbon nanotubes are used as arti?cial muscles or electro 
mechanical actuators for various mechanical systems. Thus, 
?lms of single-Wall carbon nanotubes With random orienta 
tion undergo mechanical deformation under electrical 
effects, and these deformations are ampli?ed With aligned 
systems. More generally, these ?bres or strips can be used 
for devices for converting electrical energy to mechanical 
energy (or vice versa). 

[0088] It is also possible to envisage applications of these 
?bres and strips in optical or electro-optical devices (elec 
trodiffusion, optical limitation, etc.), as catalysts or catalyst 
supports in chemical reactions, as electrodes for electro 
chemistry, for hydrogen storage in battery systems (in par 
ticular for ?bres made from carbon nanotubes), as a tip for 
near-?eld microscopy (tunnel-effect and atomic-force 
microscopy), as ?lter membranes, as chemical detectors (the 
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electrical resistance of the carbon ?bres varies as a function 
of the chemical environment), or in uses for the production 
of biomaterials (prostheses, tendons, ligaments, etc.). 

[0089] Finally, it is possible to use the ?bres or strips 
according to the invention as converters of mechanical 
energy to electrical energy and vice versa. In fact, mechani 
cal stressing of these ?bres or strips gives rise to the 
appearance of electrical charges on them and the ?bres or 
strips deform under electrical effects. Examples of uses are 
mechanical stress sensors, sound sensors, ultrasound sen 
sors, etc. 

[0090] In addition, it is possible to envisage using the 
?bres or strips according to the invention for making elec 
trochemical detectors and/or electrodes. 

[0091] The present invention as described above offers 
numerous advantages; in particular, such a method makes it 
possible to obtain ?bres from particles such as carbon 
nanotubes, or in general from particles dispersed in a solu 
tion. 

1- A method of obtaining ?bres and strips from colloidal 
particles, characteriZed in that: 

1) the said particles are dispersed in a solvent, optionally 
With the aid of a surfactant, 

2) the solution of dispersion obtained is injected through 
at least one ori?ce opening into a How of an external 
solution, preferably of viscosity greater than that of the 
said dispersion, the viscosities being measured in the 
same conditions of temperature and pressure, so as to 
cause aggregation of the said particles as ?bres or strips 
by destabiliZing the dispersions of particles and 
optional alignment of the said particles. 

2- Amethod according to claim 1, characteriZed in that the 
said particles are dispersed in an aqueous or organic solvent 
With the aid of a molecular or polymeric, anionic, cationic or 
neutral surfactant. 

3- A method according to claim 1 or 2, characteriZed in 
that the external solution contains a viscosity modi?er 
selected from a polymer such as a polyol or a polyalcohol, 
in particular polyvinyl alcohol or cellulose, or a mineral such 
as clay. 

4- A method according to claim 3, characteriZed in that a 
?occulating agent is added to the external solution, this 
agent being selected from a polymer that is capable of 
producing bridging effects, a salt or a surfactant that is 
neutral or of charge opposite to that of the agent used for 
dispersing the said particles, if the latter is ionic. 

5- Amethod according to claim 4, characteriZed in that the 
said polymer is constituted of polyvinyl alcohol. 

6- Amethod according to claim 5, characteriZed in that the 
polyvinyl alcohol has a molecular Weight greater than 10000 
and in particular betWeen 10 000 and 200 000. 

7- Amethod according to any one of the preceding claims, 
characteriZed in that the said ?bres or strips are densi?ed by 
capillary contraction and/or the said ?bres or strips obtained 
are Washed using a rinsing product so as to desorb the said 
external solution and/or the said surfactant. 

8- Amethod according to claim 7, characteriZed in that the 
said ?bres or strips are WithdraWn vertically from the rinsing 
product. 

9- A method according to claim 7, characteriZed in that 
annealing of the said ?bres or strips is carried out at high 
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temperature, in particular at a temperature above 400° C., or 
at moderate temperature, in particular at a temperature 
below 300° C. 

10- A method according to one of claims 7 or 8, charac 
teriZed in that the said ?bres or strips are submitted to 
mechanical action during the said annealing, optionally With 
addition of polymer and/or of plasticiZer. 

11- A method according to one of the preceding claims, 
characteriZed in that the eXternal solution contains particles 
of micrometre or nanometre siZe for forming an outer 
envelope around the said ?bres or strips. 

12- A method according to any one of the preceding 
claims, characteriZed in that the said solution of dispersion 
is injected through at least one ori?ce having in particular a 
cross-section of a shape corresponding to the desired shape 
for the ?bres or strips. 

13- A method according to any one of the preceding 
claims, characteriZed in that nanotubes, and in particular 
carbon nanotubes, are used as colloidal particles. 

14- Fibres and strips, characteriZed in that they are 
constituted of colloidal particles, in particular of carbon 
nanotubes. 

15- Fibres and strips according to claim 14, characteriZed 
in that they have an anisotropic structure, as demonstrated 
by optical microscopy betWeen crossed polariZers. 

16- Fibres and strips according to any one of claims 14 or 
15, characteriZed in that they are highly curved so as to form 
knots or to be Woven. 

17- Fibres and strips according to one of claims 14 to 16, 
characteriZed in that they have a diameter from 1 to 100 pm. 

18- Fibres and strips according to one of claims 14 or 17, 
characteriZed in that the said particles are carbon nanotubes 
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composed of a single or of several concentric cylinders of 
graphite and/or are modi?ed chemically by grafts of chemi 
cal groups. 

19- Fibres and strips according to one of claims 14 to 18, 
characteriZed in that they have a density that can be up to 
about 1.5 g/cm3. 

20- Fibres and strips according to one of claims 14 to 19, 
characteriZed in that they have an outer envelope formed by 
peripheral drying, around the said ?bres and strips, of 
particles of micrometre or nanometre siZe. 

21- Use of ?bres and strips as de?ned according to one of 
claims 14 to 20 for the reinforcement of materials based on 
?bres, strips or cables. 

22- Use of the ?bres and strips as de?ned according to one 
of claims 14 to 20 for making conductors, semiconductors, 
insulators, in electronics or microelectronics. 

23- Use of the ?bres and strips as de?ned according to one 
of claims 14 to 20 as electron emitting systems, in particular 
as display systems. 

24- Use of the ?bres and strips as de?ned according to one 
of claims 14 to 20 as arti?cial muscles or as electromechani 
cal actuators. 

25- Use of the ?bres and strips as de?ned according to one 
of claims 14 to 20 for the manufacture of materials, such as 
textiles or cables. 

26- Use of the ?bres and strips as de?ned according to one 
of claims 14 to 20 as converters of mechanical energy to 
electrical energy and vice versa. 

27- Use of the ?bres and strips as de?ned according to one 
of claims 14 to 20 for the manufacture of chemical detectors 
and/or electrodes. 


